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Abstract 
Test plots of sorghum were planted and cut at maturity.  Natural drying of the cut material was monitored in the field.  
Laboratory drying tests were conducted to determine the drying kinetics of the stalks under four different 
configurations at 50°C and 0.5 m/s air velocity.  These included:  20 cm long sections with sealed ends to duplicate 
stalks of infinite length and remove “end effects”;   20 cm long sections with open ends to account for “end effects”; 
and 20 cm sections with longitudinal splitting to remove the effects of the outer layer of the stalks.  In addition, short 
sections (5 cm) were dried to determine the impact of enhanced “end effects” on drying.  Mathematical models were 
derived from replicate laboratory trials and were used to predict the times required to reach a final moisture content of 
10% (wet basis).  These times ranged from over 200 hours with the sealed ends to 15 hours with splitting of the stalks 
to expose the interior fully to the drying medium.  Field drying of cut sorghum was found to be insufficient to 
adequately dry these materials for storage or use in energy production, especially under wet-weather conditions.  
Laboratory tests showed the need for substantial disruption of the stalk surface to promote drying.  This can be 
achieved through mechanical maceration of the stalks.  Simply cutting the stalks at ground level and relying upon 
open-air drying did not reduce the moisture content to acceptable levels for animal feed or energy production. 
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1.  Introduction 
Sorghum is an important forage crop for cattle in many parts of the world.  In addition, there is 
potential for this crop to play a greater role in energy production, particularly as biomass for burning 
(Bennett and Anex [1], and Türe et al. [2]).  In order to reduce input costs, it is desirable to field-dry the 
crop before densification and storage.  The use of forage crops (e.g., sorghum) for energy production may 
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also alleviate the diversion of traditional food crops (e.g., maize) to energy production and return these 
crops to the human food chain.  This would ultimately reduce considerable pressure on the economies of 
developing countries where maize is a staple food item. 
Little information exists on the drying characteristics of sorghum, which could be a limiting 
consideration for biomass production in some climates.  This study was undertaken to determine the 
drying kinetics of sorghum under a variety of drying. 
2.   Materials & Methods 
Test plots of sorghum were planted and cut at maturity during two successive years (Figure 1).  
Natural drying of the cut material was monitored in the field.   
Fig. 1.  Field of uncut sorghum 
Additional drying studies were conducted using an Armfield Model UOP-8 laboratory-scale tray dryer 
(Figure 2) to determine the drying kinetics of the stalks under various scenarios.  These tests were 
conducted at 50°C with a linear air velocity of 0.5 m/s.  Four different configurations of the sorghum 
stalks were employed to assess surface and “end effects”.  These were:  
Ɣ 20 cm long sections with sealed ends to duplicate stalks of infinite length and negligible “end 
effects”.
Ɣ 20 cm long sections with open ends to account for “end effects”. 
Ɣ 20 cm sections with longitudinal splitting to remove the effects of the outer layer of the stalks and 
eliminate “end effects”. 
Ɣ 5 cm short sections to determine the impact of enhanced “end effects”. 
Fig. 2.   Armfield Model UOP-8 laboratory-scale tray dryer 
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For laboratory tests, the harvested stalks were cut to the desired length using a fine-bladed handsaw to 
avoid damaging their structure which occurred when shears were used for this purpose.  For sealing, the 
ends of the 20 cm long stalks were dipped into melted paraffin wax several times and allowed to harden.  
To maintain a constant basis of comparison, twenty of the 20 cm long cut sections of stalk (Figure 3) and 
eighty of the 5 cm long cut sections were used in each test.  This gave an overall length of 400 cm in each 
drying test.  Mathematical modelling of the laboratory trials was conducted.  Results of these tests were 
compared to field drying tests. 
Fig. 3.  20 cm long uncut sorghum stalks in Armfield tray dryer 
In order to assess rates of natural field drying, frames (1 m x 2 m) were constructed from 5 cm 
diameter ABS tubing.  A fine wire screen (2.5 cm openings) was stretched across the frame.  Immediately 
after cutting, the frame was slid under a two-metre wide strip of the cut sorghum.  Care was taken to 
disrupt the cut material as little as possible.  Ropes attached to either end of the frame assembly allowed it 
to be suspended from digital scales and lifted manually slightly above the ground to take its weight at 
regular intervals during the three to four day test period.  Three such assemblies were placed throughout 
the area for comparative purposes. 
3.   Results & Discussion 
Figure 4 shows the results of a one-week field drying study performed on cut sorghum stalks.   
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Fig. 4.   Field Drying of Cut Sorghum  -  Dry Basis Moisture vs Time 
658  Donald G. Mercer et al. / Procedia Food Science 1 (2011) 655 – 661
The dry basis moisture of the freshly cut stalks was 5.13 grams water per gram of dry solids (83.7% 
wet basis moisture).  This dropped to 3.59 g water/g dry solids by the end of the first day, and to 2.76 g 
water/g dry solids by mid-afternoon of the second day.  However, a late afternoon and evening rainstorm 
raised the moisture to 4.75 g water/g dry solids.  Variable cloudiness and rain prevented any appreciable 
moisture loss over the two-day weekend, with the moisture falling to 2.31 g water/g dry solids. Additional 
rain fell on the sixth day, once again raising the moisture content of the cut sorghum stalks.  By the end of 
the seventh day, the dry basis moisture had reached 1.39 g water/g dry solids (58.2% wet basis moisture).  
The target final moisture for drying the sorghum stalks was 0.11 to 0.14 g water/g dry solids (i.e., 10% to 
12% wet basis moisture) which is consistent with the general goal of 15% moisture or less cited in 
McKendry [3]. 
Such weather conditions as those experienced during this set of trials are typical of those occurring in 
the months of August and September when harvesting would normally occur.  Under wet weather 
conditions, field drying is ineffective at removing moisture from stalks of cut sorghum. 
Figure 5 shows the results of the laboratory drying tests.  Each drying curve is the average of three 
individual tests.  There was very close agreement of results from the triplicate tests for each drying 
configuration.  Although only 15 hours of drying data are shown, at least one test from each configuration 
was extended to 25 hours or more to verify the observed trends.  Moisture ratios have been used in place 
of dry basis moisture values to accommodate differences in the initial moisture contents of the samples 
being tested and allow for direct comparison of the results. 
 Moisture Ratio  =   M / Mo      where: M = dry basis moisture at time “t” 
      Mo = dry basis moisture at time “t = 0” 
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Fig. 5.   Comparison of Drying Configurations for Sorghum (Average of 3 runs for each curve) 
As can be seen from Figure 5, sealing the ends of the 20 cm long sorghum stalks had a pronounced 
effect on reducing the rate of moisture loss.    Similar tests with open ends showed an increased rate in the 
initial loss of moisture during the first four hours of drying.  However, there was a similar rate of water 
removal in the later stages of drying as seen by the relatively parallel nature of these two curves.  Cutting 
the sorghum stalks into shorter lengths (i.e., 5 cm) enhanced the rate of water removal, especially during 
the initial stages.  Although the “end effects” were increased four-fold in comparison to the 20 cm long 
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stalks with open ends, there still appeared to be an effect of the walls on moisture loss.  These factors 
were totally eliminated when the 20 cm stalks were split lengthwise exposing the entire interior of the 
stalks to moisture loss. 
Mathematical models of each drying configuration were obtained from the data presented in Figure 5 
by means of fitting trendlines within the Excel spreadsheet program. 
Exponential curves were used of the form:     y   =   b  exp – ct                                        (1)
  where:  y  =  moisture ratio at time t  (dimensionless) 
    b  =  moisture ratio at beginning of time interval 
    c  =  exponential coefficient  (reciprocal hours) 
    t   =  time t (hours) 
At time t = 0, b = 1.00 since the initial moisture ratio is 1.00 by definition.  
Initial attempts to fit an exponential relationship to the entire curves from Figure 5 were unsuccessful 
except for the stalks which were split lengthwise.  To refine the models and improve the mathematical fit, 
the curves were divided into two segments.  The first segment ran from time t = 0 to 4 hours.  The second 
segment covered the period from 4 hours to the end of the runs. 
Table 1 shows the results of the mathematical modelling and includes the R2 values for each segment.  
The coefficient b for segment 2 of the drying curves are the moisture ratios at the 4 hour point of the 
drying run.  These values are dependent on the rate of water removal during the first drying segment.  The 
faster the initial rate of drying, the lower the value of b for segment 2. 
Table 1.   Mathematical modelling data for four configurations of sorghum stalk drying 
 Segment 1 
( t = 0 to 4 hours) 
Segment 2 
( t = 4 hours to end) 
Configuration Exponent c R2 Coefficient b Exponent c R2
Waxed Ends (20 cm) 0.043 0.976 0.904 0.015 0.999 
Open Ends (20 cm) 0.069 0.963 0.845 0.023 0.997 
Open Ends (5 cm) 0.107 0.975 0.834 0.055 0.999 
Split Lengthwise (20 cm) 0.269 0.997 0.676 0.183 0.997 
The rates of water removal are indicated by the magnitude of the exponent c.  As can be seen from 
Table 1, increasing the area of the ends of the stalks in relation to the total surface area of the stalks has 
the expected effect of increasing the rates of drying.  By splitting the stalks lengthwise, the resistance to 
moisture loss imposed by the outer surface of the stalks and the restrictions imposed by the limited area 
available through the end of the stalks are eliminated.  The result is the high drying rates observed in both 
the first and second segments of Table 1. 
The water removal rates for the 20 cm stalks with waxed ends are lower in the initial drying segment 
than for similarly sized stalks with open ends.  However, their rates are comparable during the second 
segment where the coefficients differ by only 0.008 reciprocal hours. 
Using the mathematical models described by equation 1 with the values of “b” and “c” listed in Table 
1, it is possible to predict the time taken for the sorghum stalks to reach a desired final moisture content 
for each of the four drying configurations.  Equation 1 can be re-written to solve for t as: 
t   =   ln (b/y) / c                                                         (2) 
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where y is the desired final moisture ratio defined as M / Mo 
If a final dry basis moisture of 0.11 grams of water per gram of dry solids (i.e., 10% wet basis 
moisture) is required, and the initial moisture content is 2.75 g water / g dry solids (i.e., 73% wet basis 
moisture), the final moisture ratio will be 0.040.    
 Applying equation 2 with the initial and final moisture contents listed above and the values of “b” and 
“c” from Table 1, gave the times shown in Table 2 for the sorghum stalks to reach the desired final 
moisture of 10% (wet basis) or 0.11 g water / g dry solids (dry basis). 
Table 2.  Predicted time for sorghum stalks to reach 10% wet basis moisture  
Configuration Time to Reach 10% 
Moisture
Waxed Ends (20 cm) 208 hours 
Open Ends (20 cm) 136 hours 
Open Ends (5 cm) 55 hours 
Split Lengthwise (20 cm) 15 hours 
It should be emphasized that these results are for controlled drying situations in a laboratory dryer and 
would not be expected in the field.  A rough extrapolation of the curve in Figure 4 indicated that if it were 
indeed possible to dry the sorghum stalks to 10% wet basis moisture, the drying process would take over 
600 hours!  While a final moisture content of 10% is not reasonable to expect, exposing more of the 
interior portion of the stalks to the ambient air would significantly improve the overall moisture loss.  It 
would then be feasible to provide a second stage forced-air drying step to bring the moisture content 
down to the desired level. 
4.   Conclusions 
Field drying of cut sorghum was found to be insufficient to adequately dry these materials for storage 
or use in energy production, especially under wet-weather conditions.  Laboratory tests showed the need 
for substantial disruption of the stalk surface to promote drying.  This can be achieved through 
mechanical maceration of the stalks.  Simply cutting the stalks at ground level and relying upon open-air 
drying did not reduce the moisture content to acceptable levels for animal feed or energy production. 
Mathematical models were determined for four drying configurations of sorghum stalks.  These 
models reflect the restrictions placed on moisture loss by the surface and exposed ends of the sorghum 
stalks.  They will be used to determine the diffusional characteristics of the stalks in future mathematical 
modelling work. 
The mathematical models were used to predict times required for reducing the moisture levels to a 
desired final moisture.  This further reflected the importance of exposing the interior portions of the stalks 
to the drying medium. 
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